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I.    INTRODUCTION 

The  next  generation of solid   rocket nozzles  will most likely use 

materials that respond to the rocket motor exhaust environment in a complex 

series of interrelated thermomechanical and thermochemical reactions. 

Success or failure of these materials will depend on the ability to understand 

these responses in terms of individual material characteristics.   In addition, 

these characteristics must be quantified in terms of favorable and unfavorable 

responses and the materials tailored to yield the greatest safety margin. 

Two of the more promising advanced solid rocket nozzle material 

families are pyrolytic graphites and carbon-carbons.    In order to provide 

direction for the development of these materials,  a program to characterize 

them has been implemented.    This program contains three basic elements: 

1. Characterization by defining material microstructure.    This 
element includes qualitative techniques,   such as metallograph 
and scanning electron microscope (SEM) photomicroscopy, 
and quantification of the microstructural chr.racteristics through 
unit cell dimensioning and optical discernment of the anisotropy 
state. 

2. Characterization by measuring key mechanical and thermal 
properties. 

3. Characterization by monitoring certain special material 
properties.    This element includes examination of chemad- 
sorption characteristics and porosity distributions of both 
carbon-carbons and pyrolytic graphites.    These properties 
play key roles in the material response to the thermo- 
chemical environment of the rocket motor.    Determination 
of the residual stress is also a vital part of this element. 

Since both pyrolytic graphites and carbon-carbons undergo processing at 

elevated temperatures,   some severe stress fields are locked into the closed 

nozzle structure during the cool-down process.    These stresses can have a 

profound effect on performance. 
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Highlights of the characterization study are presented herein.    The 

objectives of this paper are to acquaint the reader with the mechanics of the 

characterization techniques used and to relate the understanding of the 

resulting material properties to performance in a solid rocket motor 

environment. 
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II.    CHARACTERIZATION OF CARBON-CARBON MATERIALS 

A number of two and three dimensionally reinforced carbon-carbon 

materials are of interest as candidates for solid rocket nozzle components. 

Characterization of the two dimensionally reinforced {2D) materials is well 

under way.    Work on the three dimensionally reinforced (3D) carbon-carbons 

is awaiting delivery of samples.    The data presented are therefore limited in 

scope,  but because the major emphasis here is on examination of the mechanics 

of characterization,  the efforts involving 2D carbon-carbons will suffice to 

illustrate the techniques used.    The characterization study was carried out 

by qualitative microstructure examination with both the metallograph and the 

SEM.    Thermal expansion excursions were used to represent the conventional 

properties measurements.    Porosity distributions were conducted as special 

properties measurements.    The results of the study are discussed below. 

A.        MICROSTRUCTURE 

The metallograph and SEM are excellent tools for use in examining the 

structure of carbon-carbons,    Detaileu visual evidence can be obtained of 

both the as-fabricated and the post-tested parts.    The metallograph is most 

suited to examination of polished sections that are normal to the fired or 

proposed fired surface.    The SEM,  on the other hand,  is most suited to 

examination of the fired surfaces themselves.    Photomicrographs (Figs.   1 

and 2) of two potential nozzle candidates designated Pyrocarb 903 and 

Pyrocarb 409M reveal distinct differences characteristic of their processing 

and basic starting materials.    Pyrocarb 903 is a flat laminate material that 

consists of a carbonized polyacrylocnitrile (PAN) fabric in a phenolic resin 

matrix that is subsequently pyrolyzed and carbonized.    Pyrocarb 409M is 

comprised of a carbonized rayon base reinforcement in a carbon vapor deposit 

(CVD) matrix.    Both are produced by Hitco.    Comparison of the surface con- 

dition of each material after firing (Figs.  3 and 4) indicates the distinct dif 

ference in their response to the rocket motor environment. 



Figure 1,    Pyrocarb 903 Backface 

Figure 2.    Pyrocarb 409M Backface 

-6- 



mm&cc. ■'■$?'" 
UO-A:\- 

.'         si         \ 

i^ttlA« 

<ö^ 

P 
&r£3*^. r ■     10am ■ i          r           i ■ 

Figure 3, Pyrocarb 903 Fired 

Figure 4, Pyrocarb 409M Fired 
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The photomicrographs illustrate that the regression of the Pyrocarb 903 

is primarily due to preferential thermochemical attack of the matrix material 

with subsequent mechanical removal of the reinforcement.    The mass removal 

mechanism for the 490M,  on the other hand,  appears to be driven predomi- 

nantly by me-hanical removal of individual fibers below the fiber-matrix 

interface,  as is clearly shown by the sharp cleavage planes of the recessed 

fibers in Fig.  4.    In other words, the matrix of the 409M is more resistant 

to the erosion-corrosion process than the reinforcement. 

From these observations, it might be concluded that a valid endeavor 

would be to study the possibility of combining PAN reinforcement in a CVD 

matrix for increased erosion resistance.    Obviously,  this is but one of several 
data inputs that are required before such a conclusion can be considered valid, 

and these represent but two of a myriad of candidate carbon-carbons systems. 

They do,  however,  illustrate the way in which microstructural properties are 

vital toward gaining an understanding of the response of a given material to 

the rocket exhaust environment.    From this comes one of the data points 

needed to give direction to the ultimate upgrading of the material's performance. 

B.       THERMAL EXPANSION 

Thermal expansion excursions to the rocket motor firing temperatures 

were selected as the thermal or mechanical property most sensitive to varia- 

tions in both the processing conditions and the rocket motor environment. 

Specifically, the thermal expansion characterizations of Pyrocarb 903 were 

selected to demonsttate two primary points that illustrate the need for pre- 

cise definition of this key material property.    The thermal expansion excur- 

sions of several versions of Pyrocarb 903 measured in the with-ply direction 

are shown In Fig.   5.    The only difference among these materials was density, 

yet the range of thermal expansions is relatively severe.    The reverse rela- 

tionship exists between density and thermal expansion for 903 in the cross- 

lamina direction.    The effect of the thermal exposure of the rocket motor on 

thermal expansion is illustrated in Fig.   6.    In this case,  the same material 

exhibited two distinct thermal properties that were dependent only on exposure 
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to the rocket firing.    The materials were taken from the same billet.   Replicate 

measurements were made.    The key point to be made here is that it is not 

sufficient to measure thermal expansion of a material,  record the data,  and 

continue to draw on this literature value for input to a thermal analysis.   Less 

obvious is the implication that it may also be invalid to measure thermal ex- 

pansion under quasi-static laboratory conditions and apply these data to a 

meaningful analysis.    Gerald Driggers of Southern Research Institute has 

postulated the need for a dynamic approach to all materials properties mea- 

surements.      These data tend to support his arguments. 

C.        POROSITY DISTRIBUTION 

It has been proposed that,  within all carbon systems,  density is the key 
2 element in determining erosion rate.      Others have maintained that pore size 

and pore-size distribution are the true keys to performance,  particularly in 
3 

a reentry environment.      In any case, because the two properties are so 

closely related,  it behooves us to examine porosity as a key property.    This 

has been done with the goal of defining exactly what traits within porosity are 

the true drivers from the standpoint of performance.    Within the scope of the 

materials examined,  density and porosity varied in parallel; thus, no direct 

delineation on material performance can be made.    On the other hand,  some 

key traits of the property porosity were uncovered that may subsequently 

provide a clue to material performance.    The pore-size distribution charac- 

teristics of Pyrocarbs 903 and 409M are discussed here because they have 

marked differences in microstructural response to the rocket motor environ- 

ment.    The pore-size distributions of Pyrocarb 903 before and after firing 

are graphically illustrated in Figs.  7 and 8,   respectively.    Similar distribu- 

tion plots for Pyrocarb 409M are sh.  .;: In Figs.  9 and 10.    The marked dif- 

ferences noted in the microstructural response of each material to firing en- 

vironment are shown in their pore-size distribution response.    Comparison 

of Figs.  7 and 8 indicates that Pyrocarb 903 initially contains some relatively 

large-size pores as well as a group of moderate-size pores, but that after 

firing,  the number of large pores is drastically reduced.    Pyrocarb 409M, 
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however,  shows a marked increase in the number of large pores after exposure 

to the rocket motor environment.    This increase occurs in spite of a large re- 

duction in overall void volume.    This response is illustrated in Figs. 9 and 10. 

The task now becomes a matter of equating these observed responses in the 

material property porosity,  together with the other characterized properties, 

to material performance.    The ultimate goal is to understand what elements 

go into making a superior performing material in the rocket motor environ- 

ment and then direct our efforts toward achieving that material.    These efforts 

represent the initial step toward achieving this goal. 

-14- 



III.    CHARACTERIZATION OF PYROLYTIC GRAPHITE MATERIALS 

Although the primary objective to characterize the various properties 

of pyrolytic graphite materials is the same as for the carbon-carbons,  signi- 

ficant differences in the two structures dictate that flexibility must be main- 

tained in determining the key properties that should be examined in the 

characterization of each.    Some characteristics of pyrolytic graphites that 

were evaluated were not considered significant or applicable to the carbon- 

carbon materials.    Other properties,  such as microstructural comparisons 

and thermal expansion measurements, are valid for both.    The characteristic 

properties of the pyrolytic graphites that are discussed include both qualitative 

and quantitative definition of microstructure.    Thermal expansion was deter- 

mined to be representative of the conventional properties measurements.   The 

critical property,   residual stress state,  was evaluated under the element of 

special properties measurements.    Each of these elements is discussed below. 

A.        MICROSTRUCTURE 

A precise definition of the various qualitative microstructural charac- 

teristics of pyrolytic graphites and the role each plays in influencing other 

conventional material properties and, ultimately, performance itself have 

long been topies of debate.    However, the fact that such a relationship does 
4 5 6 exist has been demonstrated by Donadio and Pappis    and others.   '     In at- 

tempting to pinpoint the microstructural properties of pyrolytic graphites, 

we have considered both qualitative and quantitative methods.    Some of the 

basic pyrolytic graphite structures that have been deposited are shown in 

Fig.   11.   Although many others exist, both within these bounds and beyond 

the extremes, the structures shown r^present those whose characteristic 

properties were examined in this study.    Each material has associated with 

it a distinct set of thermal and mecha ..cal properties and, therefore, a 

distinct rocket motor response characteristic. 
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A sensitive measure of the anisotropic natures of different pyrolytic 

graphites based on the optical properties of these materials has been adapted 
7 from a technique developed by Bomar,  Gray,  and Eatherly    at Oak Ridge 

National Laboratory.    The instrumentation for this technique,  as developed 

at Aerospace,  consists of an incident light polarizing microscope instru- 

mented with a variable speed rotating stage drive and a photoresistive sensor 

mounted on the monocular tube of the microscope.    Light striking the sensor 

is cross-polarized,  i.e. ,  plane polarized light is incident on the specimen 

with the reflected light from the specimen passing through a polarizing 

"analyzer" that is set at 90 deg to the initial polarizer.    In operation, the 

specimen is leveled and placed on the stage, the stage is rotated at a slow 

uniform rate,  and the resistance of the sensor recorded as a function of stage 

rotation.    The optical signature of three distinct depositions of pyrolitic 

graphite is shown in Fig.   12.    The abscissa 0 is the angle of stage rotation, 

and the Ordinate is in arbitrary units of intensity decrease.    The highest 

peaks are obtained for material in a highly graphitized state (unit cell height 

CQ = 6,709 A),    The low peaks are for a conventionally deposited,   substrate- 

nucleated material with a C_ of 6. 854 A.    The major point to be made here is 

that,  although extremes are presented to illustrate the changing signature with 

changes in cell structure,  different optical anisotropy signatures exist for 

subtle differences in structure,  even when no changes in x-ray definition of 

cell structure such as C0 exist.    It is anticipated that this sensitive technique 

will permit an accurate prediction to be made of shifts in thermal and mech- 

anical properties that occur with subtle changes in the basic pyrolytic graphite 

structure. 

B.        THERMAL EXPANSION 

The property of thermal expansion plays a key role in the characteriza- 

tion of anisotropic materials such as pyrolytic graphites.    Relatively minor 

alternations in structure induced through small deposition variations can 

result in some severe changes in thermal expansion.    These changes, in turn, 

result in materials with distinctly different response characteristics to the 

•17. 



MAXIMUM INTENSITY- 

STAGE ROTATION, ^ 

Figure 12.   Optical Anisotropy Curves for Various 
Pyrolytic Graphites 

-18- 



rocket motor environment. An examination of the thermal expansion 

excursions for those pyrolytic graphites evaluated as part of this characteriza­

tion study illustrates this point. Representative data from this task are pre­

sented in Fig. 13. The percentage of variation in thermal expansion is con­

siderable, particularly in the shell critical hoop, or ab direction. 

C. RESIDUAL STRESS 

The single most severe deterrent to the satisfactory use of pyrolytic 

graphite materials in rocket nozzles as lightweight flame barriers has been 

the inability to reconcile the residual stress in terms of the deposition process 

itself, or in combination with the .thermally induced rocket motor firing 

stresses. In other words, if overly high residual stresses do not result in 

stress cracking during cool down from deposition temperatures, they do 

result in stress failures during firing. This has been the case to now. In 

this study, efforts were made to measure residual strains and equate these 

measurements to the analysis and. to the observed microstructure and mea­

sured properties. Toward this end, an experimental technique, adapted from 

the Sachs boring out approach, was developed to monitor dynamically strains 

as a function of wall thickness for various pyrolytic graphites and combina­

tions of pyrolytic graphite plus substrate materials. The mechanics of this 

experiment have been detailed elsewhere. 
8 

Circumferential and axial strains 

are plotted in Figs. 14 and 15, respectively, for three different structures of 

pyrolytic graphite deposited in the form of 2-in. -diam, nominal 50 - mil-wall, 

free -standing tubes plus the circumferential and axial residual strains for a 

5-in. -diam free-standing tube that contained an anomalous microstructure. 

These particular results were selected in order to illustrate the disparity of 

strain levels (and even directions) that can result from changes in the deposi ­

tion process. This is most graphically demonstrated in Fig. 16, where the 

inside-diameter tensile strain of a small-diameter nozzle that yields a con­

voluted configuration on final slicing is compared with the inside-diameter 

compressive strain of the 5 -in. -diam tube. (The compressive strain has 

caused the tube to spring outward after final stress relief.) Efforts are 
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continuing to define the precise relationship that exists between residual 

strains of the as-deposited pyrolytic graphite nozzle shapes and the basic 

microstructure.    The objective is to allow alternations to microstructures 

in order to produce the optimum stress state within the pyrolytic graphite 

structure. 
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IV.    CONCLUSIONS 

There exists a relationship between the primary structure of both 

carbon-carbon and pyrolytic graphite materials and the ultimate response of 

these materials to the rocket motor environment, which can be related to 

certain key material characteristics.    The initial step toward the use of this 

information to gain an improvement in performance is to define these key 

parameters.    The second step is to measure each characteristic property in 

sufficient numbers to provide a statistical data base.    The third step is to 

understand the data and their impact sufficient to warrant their use in a pro- 

gram to redefine material requirements.    The fourth and final original step 

is to use the resultant properties or characteristics to tailor or alter material 

(i.e.,  carbon-carbon or pyrolytic graphite) structure to achieve the desired 

ends.    Subsequent steps are iterations of the initial five,  aimed at optimizing 

the material characteristics.    This program has dealt with step one and 

initiated step two.    The remainder of the process awaits the results of 

future programs. 
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LABORATORY OPERATIONS 

The Laboratory Operation! of Tho Aaroipace Corporation ii conducting 

experimental and theoretical inveitlgatlona necenary for the evaluation and 

application of scientific advance! to new military concept! and •yitema.   Ver- 

Batility and flexibility have been developed to a high degree by the laboratory 

personnel in dai>Ung with the many problems encountered in the nation1! rapidly 

developing apaca and mlasila ■yitenrn.    Experties in the latest scientific devel- 

opments is vital to the accomplishment ci tasks related to these problems.   The 

laboratories that contribute to this research arai 

Aerophysics Laboratory;   Launch and reentry aerodynamics, heat trans- 
fer,  reentry physics,  chemical kinetics,  structural mechanics, flight dynamics, 
atmospheric pollution, and high-power gas lasers. 

Chemistry and Physics Laboratoryi   Atmospheric reactions and atmos- 
pheric optics,  chemical reactions in polluted atmosnheres,  chemical reactions 
of excited species in rocket plumes, chemical thermodynamics, plasma and 
laser-induced reactions,  laser chemistrv, propulsion chemistry,  space vacuum 
and radiation effects on materials, lulu,   ation and surface phenomena, photo- 
sensitive materials and sensors, high precision laser ranging, and the appli- 
cation of physics and chemistry to problems of law enforcement and biomedicine. 

Electronics Research Laboratory:   C-lcctromagnetic theory, devices, and 
propagation phenomena,  including plasm* electromagnetics; quantum electronics, 
lasers,  and electro-optics; communication sciences,  applied electronics,  semi- 
conducting,  superconducting,  and crystal device physics,  optical and acoustical 
imaging; atmospheric pollution; millimeter wave and far-Infrared technology. 

Materials Sciences Laboratory;   Development of new materials; metal 
matrix composites and new forms of carbon; test and evaluation of graphite 
and ceramics in reentry; spacecraft materials and electronic components in 
nuclear weapons environment; application of fracture mechanics to stress cor- 
rosion and fatigue-induced fractures in structural metals. 

Space Physics Laboratory;   Atmospheric and ionospheric physics,  radia- 
tion from the atmosphere,  density and composition of the atmosphere,  aurorae 
and airglow; magnetospheric physics,  cosmic rays,  genera^on and propagation 
of plasma waves in the magnetosphere; solar physics,  studies of solar magnetic 
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions, 
magnetic storms,  and solar activity on the earth's atmosphere, ionosphere, and 
magnetosphere; the effects of optical, electromagnetic,  and particulate radia- 
tions in space on space systems. 
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